ABSTRACT: Composite clay/polymer nanoparticle dispersions have been studied for many different polymers but remained elusive for polyolefins even though polyolefins are an important class of polymers and are also industrially applied in the form of aqueous dispersions. Despite the hydrophobic and apolar nature of polyethylene, aqueous nanocomposite dispersions are formed via heterogeneous free-radical polymerization in the presence of the synthetic smectite clay Laponite-RD at relatively mild conditions (250 atm, 85°C). The clay nanoplatelets effectively contribute to colloidal stability of the polyolefin particles formed and strongly enhance particle formation during the aqueous polymerization. Evolution of the polymer−clay interaction at an early stage of particle formation is instrumental, and initiator-derived polar end groups are decisively involved. The clay enhances polymerization yields and promotes the formation of smaller particles. Stable dispersions with polymer contents of up to 24% were obtained without the need of additional organic surfactants.
■ INTRODUCTION
Polymer nanocomposites can combine properties of hard inorganic and soft polymeric components on the nanoscale providing desirable materials properties, e.g., improved fire retardancy or optical appearance. Aqueous composite particle dispersions are convenient highly disperse precursors for the preparation of such composites. Such dispersions can derive their colloidal stability from the adsorption of inorganic particles onto polymer particles. Besides physical postpolymerization mixing methods, 1 formation of such particles is possible via Pickering emulsion polymerization. Laponite, a synthetic smectite clay, is an efficient stabilizer to this end 2 due to its facile dispersibility in water into nanometer sized, platelike particles and their relatively high charge and aspect ratio. Notably, Laponite is used as a component in e.g. toothpastes, cosmetics, paints, and household detergents on a large scale. Pickering-stabilized emulsion polymerization in aqueous media using silica or clay particles was mostly studied for emulsion polymerization of rather hydrophilic monomers like acrylates 3−7 and acrylate-containing copolymers 8−10 because the equally hydrophilic inorganic particles readily adsorb onto the polymer particles formed during the reaction. However, there are also examples for less polar monomers like styrene. 10−12 Since no organic surfactants are needed, the resulting dispersions are nonfoaming. This is of decisive advantage when used in paints or coatings, for example.
Polyolefins are produced on a vast scale by gas phase, suspension, and solution processes. Processing most commonly occurs from the melt. However, aqueous polyolefin dispersions are also employed on an industrial scale. For this purpose, linear low-density polyethylene from catalytic insertion polymerization is subjected to a postpolymerization dispersion procedure in water under high shear. 13, 14 Free-radical polymerization of ethylene to LDPE is performed in aqueous emulsion to yield surfactant-stabilized aqueous dispersions of moderately branched polyethylene used in various industrial applications.
15, 16 Recently, Monteil et al. demonstrated that PE dispersions with solids contents of up to 30 wt % can be obtained under relatively moderate conditions (T < 90°C and p ethylene < 250 bar) via an aqueous free radical polymerization. 17−19 Polyolefin−clay nanocomposites would clearly be of interest. This raises some rather fundamental questions. Compared to other polymers investigated, polyethylene is apolar, hydrophobic, and semicrystalline. It is unclear whether a sufficient interaction can be achieved in composite particles and during the different stages of the aqueous polymerization reaction. Furthermore, the mechanism of aqueous ethylene polymerization differs from the emulsion polymerization of other monomers in that ethylene (T crit 9.2°C and p crit 50.4 bar) 20 does not form a separate liquid phase. Also, the water solubility of ethylene is relatively high 21 (aqueous ethylene polymerization corresponds to a dispersion polymerization mechanism rather than an emulsion polymerization) (see Figure S2 ). That is particle formation mechanisms will differ strongly from established Pickering emulsion polymerization of other monomers.
We now report on polyethylene−Laponite composite dispersions from aqueous free-radical polymerization, including insights into particle formation and the structure and nature of interactions in composite particles.
■ EXPERIMENTAL SECTION
Materials. Ethylene of 4.5 grade was supplied by Air Liquide. Potassium persulfate (KPS, >99%) was purchased from Aldrich, and the initiator VA-057 was from Wako Chemicals. Sodium bicarbonate (>99%) was supplied by Fisher Scientific. Byk Additives & Instruments provided Laponite-RD and tetrasodium pyrophosphate.
Characterizations. For dynamic light scattering (DLS) a Malvern Nano-ZS ZEN 3600 particle sizer (173°backscattering) was used. The samples were highly diluted and measured at 25°C. The autocorrelation function was analyzed using the Malvern dispersion technology software 3.30 algorithm which yields number-weighted particle size distributions and the polydispersity index (PDI) which is a measure for the width of the particle size distribution. Zeta potential measurements were performed on the same instrument. The samples were diluted to a solids content of 0.1 wt % for that purpose. Differential scanning calorimetry (DSC) was performed on a Netzsch DSC 204 F1 with a heating/cooling rate of 10 K min −1 on bulk samples. For material containing known amounts of clay the intensities of the DSC curves were corrected with a factor of (m PE + m clay )/m PE . Transmission electron microscopy (TEM) images were acquired on a Zeiss Libra 120 EF-TEM instrument (120 kV). The respective samples were diluted to a solids content of 0.03 wt % and dialyzed in a Spectrum Laboratories Spectra/Por Dialysis Membrane 1, MWCO 6000−8000, with deionized water for at least 2 days. The resulting dispersions were dropped onto a TEM copper grid and dried for 2 h. The same instrumentation was used for Cryo-TEM measurements. For the latter, the samples were prepared with a Grid-Plunger Leica EM GP. The dispersions were diluted to a solids content of 0.9 wt % and dropped onto both sides of a Quantifoil holey carbon film grid. After short blotting with filter paper on both sides, the resulting thin water films were flash-frozen in liquid ethane, inserted into a cryotransfer sample holder, and subjected to TEM. Average particle sizes from TEM images were determined by measuring the average diameter of 100 particles. Gel permeation chromatography (GPC) was measured on precipitated bulk polymer in 1,2,4-trichlorobenzene at 160°C at a flow rate of 1 mL min −1 on a Polymer Laboratories 220 instrument with Olexis columns. Differential refractive index, viscosity, and light scattering (at 15°and 90°) were used for detection, and the measured elution volumes were evaluated with either a linear PE standard (for M w < 3 × 10 4 ), universal calibration (for 3 × 10 4 < M w < 10 5 ), or triple detection (for M w > 10 5 ) using the PL GPC-220 software. Thermogravimetric analysis (TGA) was performed on a STA 429 instrument by Netzsch. The samples were heated up to 670°C under nitrogen in a first step and then to 920°C under oxygen in order to burn residual carbon compounds. Elemental analysis was measured with a Heraeus Elementar Vario MICRO Cube CHN analyzer by the analytical service of the Department of Chemistry, University of Konstanz. NMR spectra were recorded on a Bruker Avance III 600 spectrometer. The chemical shifts were referenced to the respective solvent signals. The high temperature measurements of polymers were carried out in 1,1,2,2-tetrachlorethane-d 2 at 115°C ( 1 H NMR: 6.00 ppm; 13 C NMR: 74.00 ppm). General Dispersion Polymerization Procedure. For the dispersion polymerizations of ethylene the respective amount of Laponite-RD clay was added to 150 mL of deionized water which was stirred vigorously. The mixture was then stirred for 1 h until it was completely clear. The respective amount of initiator, potassium persulfate or VA-057, was dissolved in 4 mL of deionized water and added dropwise to the clay dispersion. Salts like sodium bicarbonate (0.5 g, 5.95 mmol) or tetrasodium pyrophosphate (0.4 g, 1.5 mmol) were also dissolved in 4 mL of deionized water, and the solutions were added to the reaction mixture. Higher amounts of added sodium bicarbonate or potassium persulfate resulted in a visible increase in turbidity and viscosity of the clay dispersions. This is not observed when adding VA-057 or tetrasodium pyrophosphate. Clay-free reaction mixtures were prepared by directly adding the respective initiator and, optionally, sodium bicarbonate or tetrasodium pyrophosphate to 150 mL of water. Oxygen was removed from all dispersions by bubbling nitrogen through the stirred mixtures for 2 h. Polymerization experiments were performed in a 285 mL Limbo reactor by Buchi, Uster constructed from Hastelloy equipped with a Cyclone 075 stirrer, inlet and outlet valves, a temperature sensor, and a digital pressure sensor ( Figure S1 ). The autoclave was evacuated and purged with nitrogen three times before the clay dispersion was transferred into the reactor via cannula. The desired stirring rate was adjusted and the temperature was set to 23°C. The reactor was pressurized with ethylene to 150 bar (for reactions performed at 60°C ), 130 bar (70°C), 110 bar (85°C), 90 bar (95°C), or 70 bar (105°C ). Compression of the supercritical fluid ethylene was carried out with a Teledyne Isco 260D syringe pump. After equilibrating the system for half an hour, the reactor was closed and the internal temperature was raised to the desired reaction temperature within 30 min. Final pressures were 220−270 bar and, for experiments of 2 h duration or less, never dropped below 140 bar, which ensured a comparable ethylene concentration in the water phase over time for all polymerizations. The reactions were stopped by depressurization followed by cooling to room temperature. The solids contents of the obtained PE dispersions were determined by dropping 2 g on a Sartorius Electronic Moisture Analyzer MA 45. The respective masses of clay, initiator, and salts were subtracted to obtain the total polymer yield. For analysis of the polymer properties, 50 mL of the dispersion was precipitated by addition of 5 mL of saturated brine or 0.25 M tetra-n-butylammonium bromide (Bu 4 NBr) solution. The bulk polymer was then filtered off, washed with water, and dried under vacuum.
Contact Angle Measurements. The static contact angles of water, formamide, glycerol, and methylene iodide were determined on both Laponite-RD and different PE films. The films were formed on cleaned coverslips by vertical deposition of either clay or clay-free PE dispersions which had been diluted to 0.3 wt % solids content. The slips were placed upright in a 5 mL beaker filled with the respective dispersion. The water was then slowly evaporated over 5 days at 50°C followed by complete drying of the formed films at 70°C under vacuum. Contact angles were measured by dropping 50 μL of the respective liquid on the different films while video recording with an AVC 535 Color CCD camera. The drop shape was then analyzed with the ImageJ plugin Drop Shape Analysis by Stalder et al. to obtain the contact angles. 22 ■ RESULTS AND DISCUSSION Surfactant-Free Dispersion Polymerization of Ethylene without Clay. Polymerization experiments in the absence of clay were performed in order to understand the role of the initiator in particle stabilization. To this end, surfactant-free dispersion polymerization of ethylene using KPS or the azoinitiator VA-057 (Scheme 1) at different temperatures was investigated (Tables 1 and 2 ). Additionally, we analyzed the influence of different pH values for the latter case. In contrast to KPS, at neutral pH, VA-057 yields uncharged particles since it introduces zwitterionic groups into the polymer which do not for the former and 60°C at pH 7 for the latter. Initiation kinetics are therefore comparable, and the main difference in their reaction behavior originates from the extent of charge they introduce into the formed particles. However, note that the KPS-initiated polymerizations in general represent a more welldefined system as for VA-057 partial hydrolysis to amides may occur. 23 The charge of the initiator and the initiation rate at different temperatures turned out to be crucial for the colloidal stability of the resulting PE dispersions.
For different temperatures, reaction times were adjusted according to known decomposition kinetics of KPS according to the data of Vardanyan et al. in order to obtain dispersions with comparable polymer contents. 24 Regardless of temperature, the polymer yields in the absence of clay were rather low. Small variations of the ethylene pressure of 250 ± 30 bar did not show a significant effect on either the dispersion or the resulting polymer properties. Note that for VA-057 the pH was adjusted to 8 by addition of NaHCO 3 or to pH of 10 by addition of Na 4 P 2 O 7 in most experiments.
For reactions at 85°C, exemplary TEM images of the resulting spherical particles are shown in Figure 1b ,d. Dispersion stability is higher for KPS initiated reactions, and it decreased for both initiators with decreasing polymerization reaction temperature. Only partially stable dispersions were formed for reactions at 60°C in the case of KPS and at 70°C in the case of VA-057 in the presence of NaHCO 3 . These observations suggest that the ratio of PE to charged groups introduced by the initiator is crucial for particle stability. Initiator decomposition is faster at a higher temperature which results in a higher concentration of charged free radical species in the aqueous phase and, thus, higher frequency of radical capture by growing particles. This leads to a higher concentration of charged groups in the PE particles formed at higher temperatures. According to nitrogen content from elemental analysis, for VA-057-initiated reactions the polymer synthesized at 105°C indeed contained 5-fold more initiatorintroduced groups than the one synthesized at 70°C. 25 Typically, 20% of the nitrogen content present in the initial dispersion polymerization mixture was detected in the polymer samples. 1 H NMR spectra of polymer samples in T further proved that VA-057 derived groups were introduced into the polymer. Resonances at 3.6 and 2.6 ppm are assigned to the CH 2 in α-and β-position to the carboxyl group (in C 2 D 2 Cl 4 at 110°C). Additionally, these signals indicated that a significant amount of intact nonhydrolyzed initiator-derived groups are present in the polyethylene after the reaction.
The colloidal stability of particles synthesized with VA-057 is pH-dependent. At a neutral pH, at which the initiator is present in a zwitterionic form, dispersions obtained were stable for less than 1 h and showed a broad particle size distribution, and the polymer yield was low. Colloidally stable dispersions resulted at slightly higher pH. This can be assigned to a higher concentration of negative charges in the formed polymer due to partial deprotonation of some N-substituted amidinium moieties in VA-057-derived end groups.
In both systems there is a trend to form smaller particles at higher reaction temperatures. Additionally, particles synthesized with KPS are smaller than the ones from VA-057 at identical conditions. We exclude that this is primarily due to different particle growth rates for several reasons: The solubility of ethylene in water increases only slightly in the temperature regime investigated (0.24 M at 105°C compared to 0.21 mM at 60°C for a pressure of 240 bar) (see Figure S2 ). 21 Additionally, assuming comparable initiation kinetics for both initiators, there is no evident reason why reactions with VA-057 would exhibit faster particle growth rate but lower polymer yields than with KPS if the higher particle diameters resulted only from a faster reaction. Apparently, the overall selfstabilization of the polymer resulting from the ratio of PE to charged groups introduced by the initiator determines the resulting particle size. Zeta potential measurements reveal a value between −50 and −80 mV for entries 1−11, indicating high particle charges but no evident correlation between type of initiator or reaction temperature and the surface charge. Most experiments (except entry 7) yielded dispersions with very narrow particle size distribution (PDI < 0.1). All these observations strongly suggest that a coagulative particle formation mechanism, in qualitative analogy to the HUFT theory, 26 occurs here. This is dominated by initially formed metastable precursor particles which coagulate until the surface charge of the resulting particles is sufficient for particle stabilization. The low stability of particles in the early stage of the polymerization experiment results from a lack of charged surface groups due to the absence of surfactant. Therefore, the dispersions reach a state of colloidal stability only at a later point of the polymerization reaction. Until then, the overall reaction behavior is dominated not only by particle nucleation and growth but also by the coagulation of particles. A similar particle formation mechanism was also observed previously in surfactant-free emulsion polymerization of KPS/styrene/water systems. 27−30 Since at higher temperatures the particle charges of precursor particles increase faster due to faster capture of charged free radical species from the aqueous phase where they are formed more rapidly due to an increased rate of initiator decomposition, particle coagulation occurs to a lesser extent and the resulting particles are smaller. Since VA-057 introduces charge into the polymer at a slower rate due to only partial deprotonation at the pH values investigated, the resulting particles are larger than the ones from KPS-initiated polymerizations.
Thermal analysis of the polymer formed reveals typical properties of low-density polyethylene (LDPE) (Figures S3 and  S4 ). For KPS-initiated reactions, the degree of crystallinity is ∼25% but decreases for higher reaction temperatures. Polymerizations with VA-057 yielded PE with a crystallinity of ∼35% and also produced less crystalline polymer at higher temperatures. The peak melting temperatures were independent of type of initiator and decreased from ∼105 to 95°C when increasing the reaction temperature. The higher the polymerization temperature, the higher the branching density, 31 which explains both the decrease in melting temperature and crystallinity. For sample 3 in Table 1 a PE density of 0.92 g/ cm 3 was calculated using number-averaged particle diameter from DLS and sedimentation coefficient distribution from AUC (see Figure S10 ). The solubility of the polymers in organic solvents (toluene, 1,1,2,2-tetrachloroethane, or 1,2,4-trichlorobenzene) was rather low even at temperatures >100°C for polymer samples obtained by precipitation from the dispersion with NaCl. Particularly, samples synthesized at high reaction temperature and with KPS showed this effect, most likely due to a high amount of insoluble potassium or sodium sulfate groups in the polymer. The solubility was greatly enhanced when particles were precipitated with a Bu 4 NBr solution. The resulting NBu 4 + counterions of the charged end groups apparently enhance solubility. Note that in addition to the effect of charged end groups, possibly a slight cross-linking also impacts solubility. An exemplary 13 C NMR of the polymer of dispersion 3 is shown in Figure S5 . The most dominant signals, besides those arising from the CH 2 backbone, indicate the presence of C 4 and C 4+ branches. The degree of branching is ∼20 branches per 1000 backbone carbon atoms.
Effect of Clay and Initiator Concentration. Laponite-RD clay is a synthetic smectite which swells and forms individual nanoplatelets of ∼25 nm diameter and a thickness of ∼1 nm upon dispersing it in water. The state of aqueous clay dispersions is strongly dependent on the concentration and the ionic strength. Excessive salt concentrations lead to gelation of dispersions for clay concentrations >0.5 wt % accompanied by a drastic increase in viscosity and finally phase separation. The aggregation of Laponite-RD dispersions upon salt addition can be observed via DLS (see Figure S8 ). The increased viscosity in the presence of salts has a tremendous effect on the mixing of the aqueous phase and the supercritical ethylene in surfactant-free dispersion polymerizations in the presence of clay and KPS or NaHCO 3 . For stirring rates of 500 rpm with a pitched blade this leads to a very low polymer yield especially for clay concentrations >1.2 wt % and 2 mM KPS (see Figure  S9 ). However, since no proper mixing of both phases is given under such conditions, the slow diffusion of ethylene into the reaction mixture appeared rate-limiting regardless of the clay concentration. Thus, resulting polymer yields were lower and particle sizes were smaller even after longer reaction times than for experiments with appropriate rapid stirring ( Figure S9 ). The problem can be overcome at stirring rates of 1000 rpm or by employing an anchor stirrer. The addition of Na 4 P 2 O 7 retards the gelation and allows for sols at higher clay and salt concentrations without increase of viscosity. Since VA-057 has a small net charge even at pH 10, it did not show any destabilizing effect on clay dispersions up to concentrations of 30 mM regardless of the amount of clay. All experiments discussed in the following were performed with nongelled dispersions and at high stirring rates to ensure sufficient mixing.
Surfactant-free dispersion polymerizations in the presence of clay yielded PE-Laponite nanocomposites. The presence of the clay platelets on the polymer particle surfaces was confirmed qualitatively by TEM (see Figure 1a,c) . Laponite platelets adsorbed on the particles are visible as dark thin lines when they are oriented perpendicular to the TEM grid. The dispersions synthesized in the presence of Laponite at 85°C matched those without clay in colloidal stability in terms of being free of visible agglomerates even after several months. When repeating polymerizations at different temperatures in the presence of clay, similar colloidal stabilities were observed to those in the absence of Laponite. In reactions at 60, 70, and 85°C with 0.75 wt % clay and 2 mM KPS, only the latter two did not show partial aggregation after the same reaction times. Since synthesis without clay at 60°C gave similar results, we postulate that particle stability does not exclusively result from a Pickering effect, but there is still a contribution of initiatorintroduced charged groups in the PE even though clay is adsorbed to the particle surface. This is most likely due to a rather low degree of coverage. Nevertheless, the presence of Laponite had a crucial effect on the polymerizations performed. Figure 2 shows the influence of the initial clay concentration on the resulting polymer content of the dispersion for reactions with KPS (2 and 4 mM) and VA-057. Laponite concentrations smaller than 0.005 wt % did not show a significant effect, but higher amounts led to a tremendous increase in polymer yield in all mixtures investigated. However, for 2 mM KPS, the yield reaches a maximum of ∼9% for 0.05 wt % Laponite-RD. Doubling the concentration of KPS only led to a slight increase in polymer content for either low or rather high clay concentrations. Analogous experiments were performed with 2 mM VA-057 in the presence of 10 mM Na 4 P 2 O 7 . No stable dispersions were obtained in polymerizations without the addition of a basic salt, which again emphasizes the importance of initiator-derived charged groups in the polymer for colloidal stability. The overall polymer yield in such reactions was lower compared to KPS-initiated ones but also increased with increasing clay concentration. The effect of clay addition on the polymer yield was more pronounced for this initiator than for KPS (5-fold with 1% clay compared to 2-fold increase with KPS).
When analyzing precipitated polymer samples with TGA, the remaining inorganic portion after heating indicated that the bulk composite materials show the same mass ratio of polymer to clay as the respective dispersions (see Figure S11) . Apparently, all clay precipitates with the polymer upon addition of brine regardless if it is adsorbed to a polymer particle or not. In general, this allowed the calculation of the PE content in the precipitated composites from the total mass of precipitated composite m tot and the total mass of clay added with the initial reaction mixture m Clay 0 via (m tot − m Clay 0 )/m tot . The particle sizes for the experiments in Figure 2 are depicted in Figure 3 . The values obtained by DLS and TEM correspond very well in most cases and indicate that the obtained particles have sizes between 95 and 170 nm. For samples polymerized with VA-057, DLS data were less instructive due to a rather broad particle size distribution (PDI of 0.4−0.7). TEM images were used for determination of the particle size instead in this case. In all three systems, the particle size decreases with increasing clay concentration. However, for <0.01 wt %, Laponite PE particles synthesized in the presence of clay are larger than in the absence of clay. Additionally, for reactions with 2 mM KPS there is no significant effect for clay concentrations higher than 0.05 wt %. Increasing the KPS concentration from 2 to 4 mM resulted in slightly larger particles. The polymerizations with 2 mM VA-057 yielded particles with a slightly larger size than with 2 mM KPS. Zeta potentials were between −50 and −70 mV for reactions with 2 or 4 mM KPS and also for VA-057 and did not show any correlation with the clay or initiator concentration. This suggests a comparably high surface charge, as on particles synthesized in the absence of clay.
DSC measurements showed that in terms of thermal properties both the presence of clay and the concentration of initiator have a rather small effect on the polymer formed (see Figure S6 for KPS-initiated and Figure S7 for VA-057-initiated reactions).
We calculated the particle number densities PND using the polymer contents PC and the particle diameters d P from DLS or TEM, respectively (see eq 1). This assumed monodisperse and spherical particles with a density of ρ = 0.92 g/cm 3 . Since crystallinities of all samples were similar to the polymer synthesized in the absence of clay at 85°C, it is reasonable to assume its density for all samples. According to TEM and DLS, low polydispersity and high isotropy of the particles are also given.
The calculated particle number densities ( Figure 4 ) increase with increasing concentration of clay during the reaction.
Particle number densities are higher for KPS-initiated reactions compared to polymerizations with VA-057. For 2 mM KPS a maximum PND of (3−4) × 10 16 L −1 is reached for clay concentrations higher than 0.05 wt %. This was not observed for reactions with 4 mM. We also investigated the influence of stirring rate on the resulting dispersion (see Figure S9 ). Changing from 1000 to 500 rpm in reactions with 2 mM KPS resulted in a decrease in PE yield to one-third, with smaller particles but a 10-fold higher particle number density. However, the trends observed with increasing clay concentration were the same regardless of stirring rate.
The above observations suggest that the composite particles also form via a coagulative particle formation mechanism. Dispersions synthesized with clay contain a higher amount of smaller particles compared to clay-free reactions. Because of its tremendous influence on the resulting particle number densities, it is likely that Laponite participates already in the particle nucleation step. We postulate a heterogeneous particle nucleation pathway on the surface of single clay platelets which is faster than the homogeneous mechanism from aqueous solution occurring in the absence of clay. This alternative pathway results in composite precursor particles with Laponite. Because of the presence of highly charged clay on the surface, the metastable precursor particles have a higher surface charge density in comparison to the ones formed in the absence of Laponite. This results in a lesser extent of coagulation of precursors until the surface charge density sufficient for colloidal stability is reached. The relative rate of composite precursor and clay-free precursor particle formation is dependent on the clay and the initiator concentration. The greater amount of composite precursors at higher clay concentrations is the cause for the formation of dispersions with higher particle number densities. Whether the observed decrease in particle size with increasing Laponite concentration is due to a lesser extent of coagulation or due to a slightly slower particle growth cannot be claimed from this data. The latter could result from the clay on the particle surface hindering monomer diffusion from the aqueous phase into the particle, thus, retarding the particle growth of composite particles compared to clay-free ones. This tentative consideration could also account for the lower degree of crystallinity of PE synthesized with higher clay concentrations. When chain propagation is slower due to a lower ethylene concentration resulting from hindered diffusion, the relative rate of inter-and intramolecular chain transfer reactions is higher. This yields more branches which lower the degree of crystallinity. At the end of precursor particle coagulation, or in other words when stable particles are formed, the kinetics of the surfactant-free dispersion polymerization are comparable to the ones of "classical" emulsion polymerizations. At that point, the rate of polymerization R p can be described with the kinetic equation of an emulsion polymerization
where k P is the propagation rate constant, [M] P is the monomer concentration in the particles, n ̅ is the average number of radicals per particle, N P is the polymer particle number density, and N A the Avogadro constant. This explains why the overall polymer yield in reactions with Laponite is higher. Since the clay retards the coagulation of initially formed particles, the particle number density is higher during the particle growth stage leading to higher R P and thus more PE in the same period of time.
Influence of Polymerization Time. In order to gain a deeper insight into the effect of clay and initiator on the particle formation and growth, kinetic investigations were carried out for four different reaction mixtures. Two different KPS concentrations, namely 2 and 4 mM, were investigated, each both without and with a high amount of clay (1 wt %), respectively. These conditions allow a direct comparison of a clay-free nucleation and growth stage and a reaction pathway which exclusively includes clay-assisted processes.
In the period investigated, polymer content increases linearly with time ( Figure 5 ). When changing the KPS concentration from 2 to 4 mM, the slopes of the regression lines meaning the polymerization rates increased from 2.22 to 2.85 wt % h −1 in the absence of clay and from 3.92 to 4.66 wt % h −1 in the presence of clay. Cryo-TEM confirmed that clay platelets are already adsorbed onto polymer particles at an early stage of the reaction (see Figure 6 ). This again suggests a PE−clay interaction already during particle formation. The change in particle diameter over time was investigated by both DLS and TEM (see Figure 7) . Both methods showed good accordance. Particle shapes and the presence of adsorbed clay were also investigated by TEM at different stages of the reaction (see Figures S12 and S13) .
Particles with similar sizes (55−75 nm) are present after 15 min. However, particles are slightly smaller when clay is present. Since there is little time for particle growth until that Figure 4 . Effect of clay concentration on the particle number density of the dispersion for KPS-initiated (2 mM in black and 4 mM in red) and VA-057-initiated reactions (green). Reaction conditions: 150 mL of water, initial ethylene pressure 210−270 bar, 85°C reaction temperature, 2 h reaction time, 1000 rpm stirring rate (pitched blade). Polymerizations with VA-057 were carried out in the presence of 0.01 M Na 4 P 2 O 7 . Particle number densities were calculated with particle diameters from DLS (dotted) and TEM (unbroken). point, this is mostly a consequence of different degrees of precursor particle coagulation. This results from the stabilizing effect of adsorbed clay after heterogeneous particle nucleation in the presence of Laponite. As the reaction proceeds, clay-free particles grow much faster than clay-covered ones. For most data sets the particle diameter increased strongly with time. Additionally, the initiator concentration only shows a significant effect on the particle growth kinetics in clay-free reactions.
Regarding the PDI as determined by DLS (see Figure S14 ), particle size distributions are significantly broader especially after short reaction times in the presence of clay. Dispersions in the absence of Laponite showed a constantly low PDI of 0.01− 0.03 already after 15 min, whereas, when Laponite was present, the PDI decreased from ∼0.1 to ∼0.04 in the period investigated.
The changes in particle number density (PND) over time were calculated with eq 1 (under the same assumptions as above) (Figure 8 ). There is no clear evidence for a significant increase or decrease of the particle number with time. Instead, the values remain rather constant in the period investigated. The final PND is higher when 1 wt % clay is present. In both reactions without and with Laponite there is also a tendency for higher PND with higher KPS concentrations. A constant PND indicates that precursor particles already aggregated to form stable PE particles within the first 15 min of the reaction and that only particle growth was observed in the period investigated. According to eq 2, the rate of polymerization R P is constant when the average radical number per particle, the ethylene concentration in the growing particles, and the particle concentration remain unchanged. Since the polymer content increases linearly over time, whereas the particle number density remains constant, we assume that these conditions are given in the time frame investigated. At a given temperature and pressure, the solubility of ethylene in polyethylene mostly depends on the fraction of the amorphous phase, since it readily swells in contrast to crystalline parts. 32 Crystallites are believed to act as physical cross-links limiting the swelling of PE. DSC measurements of our polymer samples at different reaction times indicated crystallinities between 20% and 30% which remained unchanged over the period investigated. This supports the validity of the assumption that the ethylene concentration in the particles is constant over time.
Since the PND is constant, the increase in particle diameter with time arises most likely from particle growth and not from coagulation. This means clay-free particles indeed grow faster than clay-covered ones.
PE−Clay Interaction. To gain a better understanding of the nature of the interaction between PE and Laponite-RD clay, we measured static contact angles θ of commercial LDPE, clay, PE isolated from the dispersions, and various instructive low molecular weight solvents. Dispersive and polar contributions of the interfacial tensions between these materials were determined according to Fowkes (cf. Supporting Information). 33−36 This rough estimation assumes that the behavior of the nanoparticles can be described with the properties of the bulk material neglecting e.g. particle charges and influence of the particle curvature on the surface tension. However, it shows that the interaction between clay and uncharged bulk PE in water is expected to be small and crucially depending on the presence of polar groups in the polymer. Since, due to capture of charged free radical species, PE particles have increasing negative charge at a later stage of the growth process, adsorption of likewise negatively charged clay onto this surface is very unlikely at that point of the reaction. We assume that the attractive interaction between clay and PE already takes place at the nucleation stage and, thus, entails the tremendous effect of the clay concentration on the particle number density. Besley et al. calculated the interaction between identically charged particles. 37 For small particle−particle distances the longrange repulsive Coulomb force is overcompensated by the attractive interaction through a mutual polarization. They found attractive interactions even for materials with low dielectric constants (like PE) for surface-to-surface distances smaller than 10 nm. The Debye length of an aqueous 2 mM KPS solution at 85°C is approximately 4 nm. This means that the concentration of charged free radical species upon initiation at a distance of 10 nm to the clay platelets is almost equal to bulk concentration. This is favorable for a nucleation process in close proximity to a clay particle. The high charge of Laponite and the polarizability of the nuclei in combination with small distances in some nucleation events could be the reason for the attractive interaction at that point. By comparison, nuclei formed with VA-057 have less negative charge and should therefore exhibit a smaller repulsive interaction with the clay present at the early stage of the reaction. In that case, adsorption of Laponite onto formed PE containing initiator-derived polar groups is also more plausible at a later period of the reaction. This could be an explanation for the more pronounced increase of both yield and particle number density with increasing clay concentration compared to polymerizations initiated with KPS.
Particle Formation Mechanism. From the above data, we postulate a particle formation mechanism which is based on a homogeneous or heterogeneous coagulative nucleation mechanism in the absence or presence of clay, respectively (Scheme 2). The final particles result from nanocoagulation and growth of metastable precursor particles which, in the first place, are formed by coprecipitation of oligomers bearing charged end groups by the initiator. This means the overall rate of particle formation is not only dominated by the nucleation rate but also by the rate of coagulation of precursor particles. 38 The reaction starts with the initiation by homolytic decomposition of the initiator into charged free radicals which then react with ethylene monomer (M) to form water-soluble, charged oligomers. As propagation proceeds, these oligomers reach a critical chain length and become water-insoluble. The formation rate of such oligomeric species in the water phase is proportional to the initiator concentration at a given temperature and pressure. From that point on, two different pathways to final nanoparticles are possible depending on the concentration of clay particles in the water phase. Particle nucleation takes place by coprecipitation of N oligomeric free radicals which then undergo fast termination. The former is rather slow because the rate law of nuclei formation is of Nth order regarding the oligomeric species. The initial nuclei swell with ethylene and grow to primary nanoparticles by capture of further radical oligomers. Although each trapping event of a charged free radical oligomer contributes to an increasing surface charge density and, thus, to better particle stabilization, the primary (or precursor) particles are believed to be metastable on the time scale of polymerization. Therefore, they undergo nanocoagulation until the surface charge density is high enough for effective particle stabilization. The constant particle number densities in the kinetic data indicate that particle coagulation is already over at the beginning of the shortest investigated reaction (15 min). For the surfactant-free emulsion polymerization of styrene Goodall et al. observed constant particle number densities after 60 min. 28 Importantly, DSC measurements show that the formed particles are mostly melted at standard reaction temperatures (>85°C) ( Figure S15 ) which facilitates not only the coagulation process due to high chain flexibility but also the diffusion of hydrophilic groups from the interior to the particle surface. It is therefore reasonable to assume that most of these groups are located at the particle− water interface and contribute to stabilization. The further growth process to the final particles is similar to that of a surfactant-containing emulsion polymerization. As soon as the particle number density reaches a certain value, capture of free radical species becomes dominant over formation of new particles which marks the end of the nucleation stage and the beginning of the growth stage. The small PDI values obtained indicate that the period in which nucleation takes place is short compared to that of growth.
We postulate that the presence of clay enables another faster nucleation pathway and that it also contributes to particle stabilization slowing down the coagulation of precursor particles. Note that for the formation of PMMA/silica composite particles a similar mechanism was proposed by Bon and co-workers. 39 The heterogeneous nucleation pathway is initiated by the adsorption of n free radical oligomers on the surface of a clay platelet. Since the charge of the clay contributes to the formation of the particle−water interface from one side, it is believed that the number of necessary charged oligomers in this particle formation process is smaller than in the absence of clay (n < N), making it faster. This results in a higher number of primary particles, which possess additional stability due to the adsorbed highly charged clay. Therefore, these nanocomposite particles undergo coagulation to a lesser extent because the surface charge density needed for sufficient stabilization is reached faster. The overall reaction rate is accelerated because this results in more and smaller particles than in the absence of clay at the beginning of the growth stage. Kinetic data show that the increase in particle diameter over time is faster in the absence of clay (Figure 7 ). Since the particle numbers remain unchanged at the same time, this can only be attributed to particle growth by capture of free radical oligomer and monomer.
For particles formed with VA-057 we hypothesize a similar particle formation mechanism but with a crucial role of the pH value. Moreover, it is possible that VA-057 adsorbs onto the clay prior to the polymerization and that growing polymer chains are attached to the Laponite platelets already at the very beginning of the reaction. Since no exclusive Pickering stabilization was observed, the amount of charged groups introduced by the initiator is important for particle stability in general. At neutral pH the zwitterionic character of VA-057 leads to an uncharged polymer which resulted in unstable dispersions regardless of whether clay was present or absent during the reaction. Thus, the amount of charges on the polymer originating from the initiator is relevant for particle stability in both particle formation pathways. The trends observed in terms of dispersion and particle properties were more similar to reactions with KPS the higher the pH value. The presence of clay allows a heterogeneous nucleation pathway which results in composite precursor particles with increased stability by adsorption of clay. This leads to a smaller extent of coagulation of precursor particles and therefore to smaller particles, a higher particle number density, and increased polymer yield after the same reaction time.
■ CONCLUSION
We demonstrate a synthetic pathway to aqueous dispersions of nanocomposites consisting of LDPE and the synthetic clay Laponite-RD via a surfactant-free dispersion polymerization with commercially available free radical initiators KPS and VA-057. The required conditions are mild (T < 90°C and p < 300 bar) compared to processes used for synthesis of PE dispersions on an industrial scale. The microstructure of the polymer formed is not affected significantly by the presence of Laponite. The degree of branching is ∼20 per 1000 C atoms, with mostly C 4 and C 4+ branches.
The PE−clay interaction was sufficient to achieve a significant stabilization effect of Laponite platelets located on the polymer particles without the need of special comonomers or initiators. However, the presence of charged groups introduced by the water-soluble initiators was crucial for colloidal stability even when clay was present on the particles. Therefore, VA-057-initiated reactions required at least slightly basic conditions to form colloidally stable PE dispersions. At pH values of 8−10 the initiator is likely partially deprotonated and is thus capable of introducing charged groups into the formed PE. This effect was also observed for dispersion polymerizations in the presence of clay. We also attribute the influence of the polymerization temperature on the colloidal stability to the amount of charged groups introduced into the polymer by the initiator. With increasing temperature the initiator decomposition is faster and the resulting ratio of charged groups to polymer is higher, which leads to a better self-stabilization. Overall colloidal stability was high, so that even dispersions with a polymer content of up to 24 wt % were stable over several months or longer.
Surfactant-free dispersion polymerizations both in the presence and in the absence of clay strongly suggested that a coagulative particle formation mechanism occurs. In contrast to emulsion polymerizations with rather high concentrations of surfactant, initially particles formed in the absence of stabilizer are only metastable on the time scale of polymerization due to insufficient surface charge. They coagulate with each other until a sufficiently high charge is achieved. This process takes place within the first 15 min of the reaction. In polymerizations with and without clay the concentration of initiator-derived charged groups in the polymer turned out to be crucial for the degree of precursor particle coagulation. Therefore, particle sizes increased with decreasing reaction temperature and were in general larger in dispersions synthesized with VA-057. Laponite turned out to have a crucial influence especially on the degree of particle nucleation and coagulation and therefore on the particle number density. The interaction of clay and PE is likely to take place already during the particle nucleation step via a heterogeneous pathway. This interaction is only favorable at small particle sizes. A rather low affinity of Laponite to bulk PE in water is expected from calculations based on data from contact angle measurements. Additionally, particle charge during the dispersion polymerization becomes increasingly negative due to coagulation and capture of charged free radical species from the aqueous phase which intensifies electrostatic repulsion of Laponite platelets and PE particles. This makes adsorption of Laponite less likely at a later stage of the reaction. The heterogeneous particle nucleation on a clay platelet yields a nanocomposite precursor particle which exhibits increased stability due to the presence of the highly charged clay. Therefore, clay-stabilized precursor particles aggregate to a lesser extent and thus yield dispersions with more and smaller particles. This is beneficial for the polymerization rate in the following particle growth period, and more PE is formed in the same reaction time. The proposed particle formation mechanism can also account for the results of polymerization experiments with different reaction times.
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